Objectives: Increasing evidence suggests that uncontrolled seizures have deleterious effects on cognition and behavior, particularly in the developing brain.
Seizures and epilepsy are increasingly being recognized to have moderate to profound effects on cognitive function. There is an increasing body of literature demonstrating that, in children with refractory epilepsy who are evaluated for epilepsy surgery, earlier age at onset is associated with lower IQ or developmental scores, [1] [2] [3] [4] [5] and longer duration of epilepsy before surgery is negatively correlated with IQ and ability to rebound after surgery 2, 4, 6 . A drug treatment trial for infantile spasms reported a striking correlation between both age at onset and delay to treatment with developmental scores assessed later at age 4 years. 7 These studies focused on severe epilepsy (spasms) or pharmacoresistant surgical epilepsy and by design do not allow comparisons with cognitive outcomes in well-controlled epilepsy. Consequently, they cannot directly address the separate roles of onset age vs seizures in the developing brain.
In a prospective community-based study of children with epilepsy, we examined the association of cognitive scores assessed 8 -9 years after initial diagnosis and age at onset of epilepsy, pharmacoresistance, and the interaction between the two. We specifically hypothesized that the impact of pharmacoresistance would be greatest in children with the youngest age at onset and decrease with increasing age at onset consistent with the literature cited above.
METHODS Children were recruited in 1993-1997 when epilepsy was first diagnosed by a pediatric neurologist in the State of Connecticut. 8 All parents completed a baseline questionnaire (see e-Methods on the Neurology ® Web site at www.neurology.org). In the subset of children who were not yet in kindergarten at the time of the baseline questionnaire, the Vineland Adaptive Behavior Scales (VABS) was also administered. 9 We used the VABS composite score, which is standardized to a mean of 100 and SD of 15.
Neurologic examination results were taken from the medical records and coded as definitely abnormal vs normal. Brain imaging data came from the cumulated records and were used regardless of timing on the grounds that the structural abnormalities were such that they could have been ascertained at the initial diagnosis. 10 A composite variable was created to reflect the presence of either an imaging or examination abnormality (negative if examination and imaging results were normal; positive if either or both were abnormal). Children with no imaging were classified based on the examination results only.
Children were prospectively followed by phone calls with parents every 3-4 months and periodic review of medical records. Pharmacoresistant epilepsy was determined based on the failure of 2 appropriate drugs to control seizures fully, with evidence that the doses had been increased in an effort to maximize drug effectiveness. This is comparable to the recently proposed definition of pharmacoresistance. 11 At about 8 -9 years after initial study entry, study subjects and their parents were invited to participate in an assessment protocol. This consisted of a parent interview and several assessments of the child including neuropsychological testing with the Wechsler Intelligence Scales for Children, Third Edition (WISC-III) or Wechsler Adult Intelligence ScaleϪRevised (WAIS-R) and a behavioral measure, the Child Behavior Checklist (CBCL) for children Ͻ17 years when tested. 12 Because of specific hypotheses regarding changes with age and to ensure consistency of measures across all children, we limited analyses to children who were young enough to be tested with the WISC-III. 13 This approach focused the analytic sample on children with onset at Ͻ8 years of age. We focused analyses on the full-scale IQ (FSIQ) and subdomain scores for verbal comprehension, perceptual organization, freedom from distractibility, and processing speed.
Because severely impaired children could not meaningfully take part in our neurocognitive battery, we used, as a secondary outcome, a composite measure of cognitive function, developed previously, 14 to categorize children's performance as consistent with FSIQ Ն80 or Ͻ80. The determination was made based on all available information including our own standardized testing, school reports, and cognitive-developmental testing and assessments done for clinical purposes. Use of this indicator allowed us to reflect a broader range of children than in our targeted age sample without excluding those too impaired to be assessed with the WISC-III questionnaires, and other procedures are further described in the e-Methods.
Analyses were performed in SAS (version9.2). For standard bivariate comparisons, t tests, 2 tests, and Pearson correlations were used. We used multivariable linear regression to assess the contributions of clinical variables to cognitive function scores and specifically to test the interaction between age at onset and pharmacoresistance.
Standard protocol approvals, registrations, and patient consents. All procedures used in this study were approved by the institutional review boards of the participating institutions. Written informed consent of parents and young adults and assent of children were obtained.
RESULTS
Of the original 613 children in the cohort, 431 were Ͻ8 years old at the time of their first unprovoked seizure, of whom 355 participated at some level in the later assessment protocol. Of those who did not participate at all in the assessment, 11 were deceased, 46 were lost to follow-up, 13 refused participation, and 6 others were not included for other reasons. Of the 355 who participated, 128 did not have neuropsychological testing, and 227 participated in the testing protocol, 29 with the WAIS-R and 198 with the WISC-III (figure e-1). The latter 198 formed the primary analytic sample. A subset of 149 was also tested with the VABS at initial study entry and formed a subset for some analyses. Clinical-only MRI scans were available for 17, and 176 had a research MRI with or without additional clinical scans. Of the remaining 5, all had normal neurologic examination results; one had a normal CT scan, and the other 4 had no imaging performed.
In the primary analytic sample (N ϭ 198), there were 88 (44.4%) girls. The average age at the first unprovoked seizure (onset) was 3.7 years (SD 2.2 years) and average age at diagnosis (study entry) was 4.3 years (SD 2.1 years). Thirty-eight (19.2%) met the study criteria for pharmacoresistance, and 26 had either abnormal results for the neurologic examination or imaging; 6 had abnormal results for both. The range of epilepsy syndromes reflected those seen in this age group although the inclusion of children with the most severe forms of epilepsy was limited by their ability to participate in neurocognitive testing. Sixty-five children met the criteria for specific epilepsy syndromes including 3 with West syndrome, 18 with benign epilepsy with central temporal spikes (BECTS), 30 with childhood absence epilepsy (CAE), 5 with myoclonic-atonic epilepsy, and 9, each with a different other syndrome. The majority, 133 children, most of whom had nonsyndromic epilepsy with focal features (n ϭ 110), did not meet the criteria for specific syndromes. Of those remaining, 12 had generalized or mixed features but no specific syndromic diagnosis and 11 had epilepsy that could not be clearly characterized (i.e., undetermined). Identified underlying causes in this group included intrauterine insults and intraventricular hemorrhages (n ϭ 13), malformations (n ϭ 3), tuberous sclerosis (n ϭ 4), and 1-2 each for trauma, infection, postneonatal stroke, tumor, and cyst. The mean FSIQ was 94.2 (SD 20.5), which is lower than the stan-dardization mean of 100. This pattern was seen for each of the 4 domain scores. Age at onset was not correlated with any of the WISC-III scores (largest correlation ϭ 0.13, p ϭ 0.08 for perceptual organization). Pharmacoresistance and imaging/examination abnormalities were each associated with all 5 cognitive scores with typical differences for positive vs negative imaging/examination findings on the order of 5-10 points (table 1) .
In a series of linear regression models, each of the 5 cognitive scores was treated as the independent variable. Each was modeled as a function of positive imaging/examination, age at onset, pharmacoresistance, and an interaction term between onset and pharmacoresistance to model the change in impact pharmacoresistance with increasing age. In each model, the presence of imaging or examination abnormalities was associated with a decrement of approximately 7-9 points relative to those with negative imaging and examination findings. Consistent with the unadjusted bivariate findings for age, age at onset was not associated with any of the cognitive scores. With the interaction term in the model, this estimate reflects the age effect within the nonpharmacoresistant group. Pharmacoresistance was strongly associated with each of the test scores. With inclusion of the interaction term, the estimate reflects the effect of pharmacoresistance at the youngest end of the age range. The term for the interaction between age and pharmacoresistance was statistically significant for 4 of 5 cognitive scores (table 2) and reflects the lessening impact of pharmacoresistant epilepsy with increasing age at onset of epilepsy. Scatterplots of FSIQ (figure 1) and the 4 domain scores (figure e-2) by age at onset also indicated no association with age in those without pharmacoresistance but a noticeable trend for lower scores with younger age at onset in the pharmacoresistant group. Adjust- ment for the depressed-withdrawn scale of the CBCL did not alter these basic findings.
In the reduced subset of children who had a VABS at study entry (n ϭ 149), we reran the regression models with adjustment for the composite score. The results for age at onset, pharmacoresistance, and their interaction did not change appreciably (table  3) . The impact of having abnormal results for an imaging study or neurologic examination, however, was largely accounted for by the VABS composite score. We also present the impact of pharmacoresistance without the interaction to emphasize the independent effect of uncontrolled seizures above and beyond early measures of function.
To assess the impact of the excluded patients (not tested and those who received the WAIS), a disproportionate number of whom had some level of cognitive impairment, we looked at the proportion with measured or estimated FSIQ Ն80 as a function of age at onset and pharmacoresistance (n ϭ 355) (figure 2). Eighty-two (23%) were in the IQ Ͻ80 category. There was no association between age and proportion with FSIQ Ն80 in the nonpharmacoresistant group ( p ϭ 0.37), but a striking correlation in the pharmacoresistant group ( p Ͻ 0.0001).
Because we used the full sample of available patients, we included children with electroclinical syndromes that have a relatively self-limited course, are not generally associated with intellectual disability, and are usually fairly easily treated, in particular, CAE and BECTS. These syndromes also do not present in the first 1Ϫ2 years of life. To make our sample more comparable to the types of epilepsies reported in refractory surgical and tertiary center samples, we repeated the analyses after exclusion of 53 children with specific diagnoses for one of these or other self-limited syndromes. In this reduced sample (n ϭ 145), despite the loss in statistical power, the results were very similar to those for the original sample (table e-1). In addition, the correlation between age and FSIQ in the pharmacoresistant group (n ϭ 28) was 0.35 ( p ϭ 0.06) which, in magnitude, is highly comparable to what others have reported in surgical series. [1] [2] [3] [4] [5] Finally, the associations between FSIQ 80Ͻ vs Ն80 and age at onset in those with and without pharmacoresistance were highly comparable to those in full group, with no evidence of a trend in the nonpharmacoresistant group ( p ϭ 0.61) and a striking trend ranging from 87% having FSIQ Յ80 for age Ͻ1 year to 0% for age 7 years ( p ϭ 0.001) (figure e-3).
DISCUSSION
Mounting clinical evidence 1,3,7,15 as well as laboratory models 16 point to a deleterious impact of seizures themselves on cognition, particularly when they occur in the context of a developing brain. This phenomenon has been dubbed epileptic encephalopathy. 17, 18 The fundamental concept is that seizures interfere with the mechanisms of learning and memory and, in a developing brain, actually impede acquisition of mature function during critical periods of development. In a previous analysis from this cohort, 19 we demonstrated that, in very young children and infants (onset 0 -3 years), VABS scores declined over the first 3 years in children with pharmacoresistant seizures but stayed relatively constant in those with well-controlled seizures. That analysis did not extend into later childhood or address cognitive function per se. By design, it could not consider an interaction with age. However, ample supportive evidence for this phenomenon exists elsewhere in the literature. Several studies have demonstrated substantial correlations between FSIQ and age at onset in a variety of refractory childhood onset epilepsies treated surgically 1,3-5 or pharmacologically. 7 Investigators have demonstrated that earlier intervention, especially for seizures beginning in infancy, results in better developmental outcomes and the ability to rebound after surgery. 2, 6, 20 These studies, as has ours, mostly focused on pharmacoresistance. Factors such as seizure frequency, as seen in one study, 1 and severity would provide more tightly controlled assessments of the impact of seizures in the young brain. Given the diversity of epilepsy and seizure types and the number with pharmacoresistant epilepsy, we were not able to provide a detailed analysis of this. Our findings add to these data in 3 ways. 1) The effect is not simply due to age at onset because, in the absence of pharmacoresistance, age was not associated with cognitive scores. This fact could not be demonstrated in the surgical series, which did not include patients with well-controlled seizures. Our findings are foreshadowed by earlier results in our cohort regarding the stability of the VABS within the normal range over time in the group with wellcontrolled seizures at least during the first few years after the initial diagnosis of epilepsy. 19 2) Another finding not evident in other studies is that, although the initial level of adaptive function (VABS) is strongly correlated with later cognitive function, it does not account for the impact of pharmacoresistance on later function. These results provide further support for the concerns regarding uncontrolled seizures in the developing brain and the importance of rapid early seizure control. 7, 21 3) Previous studies examined FSIQ only. Our data suggest a more pervasive effect across the cognitive subdomains of the WISC, in particular verbal comprehension and per-
Figure 2
Full-scale IQ (FSIQ) >80 by age at onset and pharmacoresistance
Proportion of children with a FSIQ Ն80 by year of age at onset of epilepsy and by whether seizures were pharmacoresistant (PRϩ) or not pharmacoresistant (PRϪ). Children who did not participate in the cognitive testing battery were included in the data for this plot (N ϭ 326 total). ceptual organization. In contrast, in adults, the impact of seizures seems be largely on measures of fluid intelligence (attention and processing speed) and other functions not sampled by the WISC (visual and verbal memory and fine motor function). 15, 22, 23 The traumatic brain injury literature provides similar patterns of findings. Insults during early brain developmental may be partially correctable through mechanisms of plasticity; however, the burden of deficit is then spread across a large range of cognitive functions. 24 -26 Our study is also representative of children in the community and is not limited to those seen in tertiary referral centers.
To avoid any potential confound between age and test version, we focused on children tested with the WISC. Consequently, we do not know nor can we test whether the impact of age stops at approximately 8 years at onset. Many aspects of mature brain function are present by this age, and we suspect that the developmental interferences probably play a lesser role after this point. Interestingly, one study compared adults with earlier (onset Ͻϳ8 years, median age in the sample) vs later onset of epilepsy and found that, relative to control subjects, those with early onset had substantially lower IQ scores whereas IQ scores of those with later onset were not greatly different from those of control subjects. 27 Analysis of the dichotomous secondary outcome measure, FSIQ Ͻ80 vs Ն80, allowed inclusion of children excluded from analysis of WISC-III IQ scores and further strengthens our main findings. The surgical series reported previously included a wide range of epilepsies; however, certain syndromes would automatically have been excluded, most noticeably BECTS and CAE. The findings were comparable after exclusion of children with self-limited epilepsies.
Notably, the early VABS score was more important in predicting later cognitive scores than were the imaging and neurologic examination findings. Given that epilepsy in most individuals does not have a clear underlying cause, it may be that measures such as adaptive function in very young children are a more sensitive marker for underlying brain disorders that affect later cognitive function. These disorders would include those specifically identified (e.g., brain malformation), those inferred based on examination (e.g., a hemiparesis), and also those for which there is no specific indication of underlying cause.
Although we initially recruited children with degenerative disorders into the study, they had died by the time of the 9-year analyses. The children participating in the 9-year assessment with identified underlying causes had static insults or conditions. Most (176 children) of the 198 children in the primary sample had research MRIs. Of those with clinical scans only, we had obtained and had been able to reinterpret most scans for research purposes. 10 Of children who were pharmacoresistant, only one did not have any imaging beyond the initial evaluation period. Thus, for primary analyses, we probably identified most if not all major structural abnormalities. We note that, although the VABS explained the effects of imaging and examination abnormalities, it did not account for the effects of pharmacoresistance when tested alone or when an interaction with age was included. In fact, in the group tested with the WISC-III, pharmacoresistance per se was not associated with the VABS composite at onset (mean VABS scores of 99.0 and 95.7 in the controlled vs pharmacoresistant groups, p ϭ 0.39).
Some children were still taking antiepileptic drugs (AEDs) when tested. AED status was correlated with pharmacoresistance. Thus, we were unable to study any additional effects of AEDs. AEDs can have an impact on cognitive function with certain ones having an especially high risk. 28, 29 Phenobarbital has residual effects even after discontinuation in young children treated for febrile seizures. 30 In utero exposure to certain AEDs, most notably sodium valproate, is associated with substantial decrements in cognitive function in early childhood. 31 There are no data that specifically address whether AEDs differentially affect acquisition of cognitive skills as a function of age of postnatal exposure. If AEDS had a more detrimental effect in the early developing brain than later on, however, we would expect to see an effect of age at onset in the nonpharmacoresistant group also because most children were treated for at least a few years, and we did not see such an effect. Further, surgical series also report some improvement in cognitive scores after surgery, suggesting that the seizures themselves negatively affect cognition and that the earlier the surgery is done, the better the postsurgical ability to acquire developmental and cognitive skills. 2, 20, 28, 32 The hazards associated with seizures-injuries, mortality, and loss of autonomy-are all extremely important. Our data add to a building body of literature that highlights the cognitive consequences of poorly controlled seizures in the developing brain and provides more support for emerging recommendations and guidelines regarding early identification of pharmacoresistance 11 and referral to specialty care, particularly for children, 21 although similar considerations also occur in adults. 33 
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